Purpose Following curative treatment for localised renal cell carcinoma (RCC), up to 30% of patients develop tumour recurrence. Prognostic scores are essential to guide individualised surveillance protocols, patient counselling and potentially in the future to guide adjuvant therapy. In metastatic RCC, prognostic scores are routinely used for treatment selection in clinical practice as well as in all major trials. Methods We performed a literature review on the current evidence based on prognostic factors and models for localised and metastatic RCC. Results A number of prognostic factors have been identified, of which tumour node metastasis classification remains the most important. Multiple prognostic models and nomograms have been developed for localised disease, based on a combination of tumour stage, grade, subtype, clinical features, and performance status. However, there is poor level of evidence for their routine use. Prognostic scores for patients with metastatic RCC receiving targeted treatments are used routinely, but have limited accuracy. Molecular markers can improve the accuracy of established prognostic models, but frequently lack external, independent validation. Conclusion Several factors and models predict prognosis of localised and metastatic RCC. They represent valuable tools to provide estimates of clinically important endpoints, but their accuracy should be improved further. Validation of molecular markers is a future research priority.
Introduction
Renal cell carcinoma (RCC) is the most common malignancy of the kidney, with more than 300,000 new cases diagnosed each year [1] . Due to the increased use of crosssectional abdominal imaging, the majority of patients present with early stage disease. Complete surgical resection is the only curative treatment for localised RCC. Partial nephrectomy is the standard of care for clinical T1a tumours and provides excellent cancer control with optimal preservation of renal function [2] , while total nephrectomy is preferred for patients with clinical T1b-T4 tumours. Following curative treatment for localised RCC, up to 30% of patients develop tumour recurrence after being considered disease-free [3] [4] [5] . An accurate prediction of the individual likelihood of recurrence based on prognostic factors is essential to counsel patients, individualise surveillance, and select patients for adjuvant clinical trials. In the absence of approved adjuvant therapies providing an overall survival (OS) benefit, the current paradigm is for close surveillance to detect recurrent disease at an earlier stage [6] . However, if such adjuvant treatment option becomes available, the most accurate prognostic system available will ensure correct allocation of patients to adjuvant therapy whilst ensuring the avoidance of toxicity of patients who will not gain any benefit.
Advances in molecular sciences have improved our understanding of RCC biology and have led to significant evolvement of the treatment landscape for metastatic RCC (mRCC). Inhibitors of the vascular endothelial growth factor (VEGF) pathway, the mammalian target of rapamycin pathway, and immune checkpoints have demonstrated improvements in objective response rates, progression-free survival (PFS), and OS compared with standard of care. A number of clinical prognostic factors have been identified based on clinical trials and retrospective multivariable analyses, leading to the creation of prognostic models assigning patients to favourable-, intermediate-, and poor-risk categories. These models are the basis for all major trials and became the standard for patient counselling and treatment selection in clinical practice.
This review provides an overview on existing prognostic factors and prognostic models for localised and metastatic RCC.
Methods
A non-systematic literature search was conducted using Medline. The database was searched without time limit on 20 December 2017 using the terms ("factors" OR "models") AND ("prognostic" OR "prognosis" OR "predictive") in conjunction with "Carcinoma, Renal Cell"[Mesh] AND "Adult" [Mesh] , revealing 2068 articles. Auto-alerts in Medline were also searched and reference lists of selected manuscripts were checked manually for eligible original articles. There was no language restriction. A list of articles judged to be relevant was circulated by the first author, and all authors reached a consensus for final inclusion of studies in this review.
Results

Definitions
A prognostic factor provides information about disease outcome irrespective of treatment and in the absence of any treatment and thereby the natural course of the disease [7] . In contrast, a marker is predictive if the effect of a given treatment is different for marker-positive and marker-negative patients [7] . Prognostic and predictive markers should be surrogates of biological processes, i.e., the pathophysiology of disease states and the effects of an intervention. As we do not have the full picture of those processes for any disease and specifically not for RCC, a marker must be validated and constantly re-evaluated [8] . If the marker or molecule has repeatedly shown to indicate biological processes by predicting clinically relevant outcomes, it can be called a "biomarker" or "biomolecule".
Except for OS, definitions for time-to-event endpoints in RCC were not standardised until recently when the DATE-CAN renal cancer group used a modified Delphi method for establishing a consensus [9] . In the first round of this process, there was only 31% consensus for all time-to-event endpoints. After the third round, the group defined primary outcome measures for initially localised RCC as disease-free survival (DFS), metastasis-free survival (MFS) and local regional-free survival. For metastatic disease, the group recommended the use of PFS and RCC-specific survival. These definitions should become standard practice for future clinical trials and retrospective studies, facilitating reporting, interpretation and comparisons.
Prognostic factors
Prognostic factors are historically sub-classified into anatomical, histological, clinical and molecular factors. In general, the use of anatomical and histological prognostic factors is supported by a higher level of evidence than the use of clinical and molecular prognostic factors.
Anatomical prognostic factors
The classic anatomical prognostic factor is the tumour, node and metastasis (TNM) classification, which has been the most commonly used staging system for a number of decades [10] . TNM includes several prognostic features, such as tumour size, invasion of the venous system, invasion of the collecting system, extension into the adrenal gland, extension beyond the renal capsule or Gerota's fascia (T classification), and spread to regional lymph nodes or distant sites (N and M classification). In all RCC subtypes, prognosis worsens with increasing T, N, and M classification [11] . In patients with mRCC, prognosis is further driven by the number of metastatic sites and the site of metastasis [12, 13] . The use of TNM as prognostic factor is recommended by the European Association of Urology (EAU) RCC guideline panel [14] .
Histological prognostic factors
This group of prognostic factors comprises tumour grade, subtype, presence of sarcomatoid or rhabdoid features, microvascular invasion (MVI), and tumour necrosis. Among these factors, use of tumour grade and subtype is recommended by the EAU guidelines [14] .
The four-tiered Fuhrman grading [15] is currently the most widely accepted and validated prognostic grading system [16] , although simplified two-or three-tiered modifications may be as accurate [17, 18] . The prognostic value, its inter-and intra-observer variability, and thus the applicability of the Fuhrman grading system have been shown to be 1 3 Metastatic spread of RCC occurs through haematogenous and lymphatic routes. While macroscopic tumour invasion into the major vessels has been recognised as a prognostic factor within the TNM system for some decades, MVI has not been acknowledged yet. MVI refers to the presence of tumour cells within microscopic veins or lymphatic vessels. Several retrospective observational studies associated MVI with adverse outcomes [30] . Furthermore, a recent metaanalysis on 14,946 patients showed a 2-3-fold increased risk of recurrence, metastatic spread and RCC-specific death for patients with MVI [31] . There remain several issues with MVI, specifically with the definition of "micro" and the overlap between micro-and macrovascular invasion.
Coagulative necrosis occurs when tumours outgrow their blood supply, reflecting an aggressive biology, rapid proliferation, and progression. It is evaluated microscopically and estimated visually in increments of 5%. The presence of tumour necrosis has been linked with larger tumour sizes, higher TNM stages, venous invasion, higher tumour grades, and poorer survival [32] . Scoring of necrosis according to its extent appears to be superior to a presence/absence classification [33] .
Clinical prognostic factors
Numerous clinical prognostic factors have been investigated, including performance status (PS), presenting symptoms, paraneoplastic syndromes, and laboratory values such as calcium, albumin, hemoglobin, and C-reactive protein (CRP). Based on data of multiple retrospective studies in mRCC, prognostic models based on several clinical factors formed the basis for inclusion into major clinical trials and subsequently for routine risk-group assignment and treatment decisions [34, 35] . There is also low-level evidence demonstrating their prognostic ability in non-metastatic disease [3, 36, 37] , though they are not used in routine care.
Molecular prognostic factors
The identification of molecular markers has led to new insights into RCC biology and the development of novel targeted therapies. Evidence regarding prognostic markers has been reviewed recently [10] . In brief, protein staining data of proliferation markers such as Ki-67, p53, PTEN as well as factors of the hypoxia-inducible factor pathways such as carbonic anhydrase IX and the VEGF family have been studied extensively [10, 38] . Furthermore, there are emerging data on associations of somatic mutations, gene methylations, gene expression data, germline variations, and immune biomarkers such as CD8 and PD-L1 with prognosis [39] [40] [41] [42] [43] [44] [45] [46] . Some of these markers have improved the discrimination of current prognostic models, especially when markers were used in combination; however, none was extensively validated and there remain methodological issues. As such, their routine use in clinical practice is currently not recommended [14] .
Prognostic models
As a prognostic factor is not accurate when used alone, factors have been combined in multivariable prognostic models. Synonyms for prognostic models include prognostic (or prediction) index, risk (or clinical) prediction model, and predictive model [47] . In these models, TNM has been supplemented by several additional routinely available factors, such as presenting symptoms, PS, laboratory data (i.e., haemoglobin, cholesterol, lactate dehydrogenase, neutrophil count, platelet count, and C-reactive protein), and coagulative tumour necrosis [3, 33, [48] [49] [50] [51] [52] [53] . These models contain an outcome variable (dependent, i.e., DFS, MFS, or OS) and two or more explanatory (independent) variables that are 1 3
being evaluated for their association with clinical outcomes. A nomogram is a simple graphical representation of a multivariable prognostic model, which is based on the equation derived from the regression coefficients of each variable. It can be used for estimating individual probabilities at certain landmark points.
The accuracy of prognostic models is typically evaluated with a measure of discrimination, such as the area under the curve or the concordance index (C-index). Discrimination ranges from 0.5 (chance) to 1 (perfect), but it is unknown how "high is high enough" to justify use of a new model. As such, prognostic models are calibrated and a decision-curve analysis (DCA) can be used for judging whether a model should be used for clinical decision-making [54] .
There are several prognostic models for patients at all RCC stages [10] , such as the stage, size, grade and necrosis score (SSIGN) score [55, 56] , and the Karakiewicz nomogram [57] . Because of inclusion of all stages, they are seldom used in clinical practice and rather represent a research tool. Their endpoint (usually RCC-specific survival) is neither useful to guide decision-making in any disease setting nor can it aid clinical trial design. Of note, the reported rates for discrimination are somewhat superior to that of models for specified disease stages, as they include M classification and thus the strongest prognostic factor. The following paragraphs focus on prognostic models that were specifically designed for localised RCC (N0/+ M0) following surgery and mRCC (M1).
Prognostic models for clinically localised disease
The Leibovich prognostic score [58] , the University of California Integrated Staging System (UISS) [59] , is the most commonly used postoperative prognostic models for adjuvant trials and can be assigned from routine clinical and pathological data ( Table 1 ). The Leibovich score does include patients with N+ stages, whilst UISS treats those as metastatic. While the Leibovich score was developed for use in clear cell RCC, UISS includes all RCC subtypes. Both the Leibovich score and the UISS were developed on historic TNM definitions, but can be applied to contemporary patients without further conversion except for a subgroup of patients with contiguous extension into the ipsilateral adrenal gland UISS. Neither model includes surgical margin status. While a positive margin is less relevant after partial nephrectomy for T1 tumours [60] , it is an important predictor of DFS in patients with advanced T classification [61, 62] . These prognostic models have been compared in terms of discrimination of recurrence and death from RCC. The C-index was around 70% and thus fairly low, although the Leibovich score performed slightly better than the UISS [63] . It merits to be mentioned that the UISS used in ASSURE differs considerably from the original UISS definitions (Table 1) . These changes were not validated before the trial was initiated. Separate prognostic models for every RCC subtype were recently proposed by Leibovich et al. [29] , but these models were not yet assessed for calibration and net benefit, and are not externally validated.
One of the first prognostic models that were presented in a nomogram was developed by Kattan et al. [64] . The authors studied RFS in 601 patients with clinically localised RCC and developed a nomogram based on symptom classification, subtype, tumour size, and T stage. The overall C-index was 74%. In a further analysis on patients with clear cell RCC, the same group identified tumour necrosis, vascular invasion, and tumour grade as additional prognostic variables. Discrimination in the validation cohort was as high as 82% [65] .
Although prognostic models and nomograms are mentioned in current guidelines, their use in routine clinical practice is currently not recommended for localised disease, but they may provide the basis for enrolling patients into adjuvant clinical trials [14] . At present, EAU guidelines recommend risk-based postoperative follow-up imaging based on prognostic models such as the UISS, which appeared to be the most widely used and validated prognostic model to the guideline panel [14] . For low risk patients, the panel proposed an abdominal/renal ultrasound at 6 months and 2 years, and a CT scan of the chest, abdomen and pelvis at 1 and 3 years and bi-yearly thereafter. For intermediate-and high-risk patients, a CT scan of the chest, abdomen, and pelvis was recommended at 6 months, 1, 2, 3 years, and biyearly thereafter [14] .
Prognostic models for metastatic disease
In 1999, Motzer et al. [66] published the first version of the Memorial Sloan-Kettering Cancer Centre (MSKCC) prognostic model. It was developed on a cohort of 670 patients who were treated within various clinical trials between 1975 and 1996. A poorer Karnofsky PS (< 80%), absence of prior nephrectomy, high lactate dehydrogenase (LDH > 1.5 × ULN), low haemoglobin (< LLN), and high albumin-corrected calcium (> 10 mg/dl) were identified as prognostic factors. The authors generated three risk groups based on the number of adverse prognostic factors: favourable (0 factor), intermediate (1 or 2 factors) and poor (3-5 factors), with median OS of 20, 10, and 4 months, respectively. In an effort to reduce heterogeneity, the same group developed an updated prognostic model by analysing only patients treated with interferon-alpha, which was one of the standard treatments at that time [35] . Here, the variable "nephrectomy" was replaced by "time from diagnosis to treatment" (< 12 vs > 12 months). In the following decade, the 2002 MSKCC model was the standard stratification tool for all major phase III trials leading to registration of approved targeted agents.
The MSKCC model was developed during the cytokine era of mRCC, which was considered a drawback by some authors. Therefore, efforts have been made to establish prognostic models from prospective clinical trial or registry data of patients treated with targeted therapies. Using [58, 83] and UISS [4, 59] for stratification of patients with initially localised renal cell cancer The original endpoints for the Leibovich score and the UISS were metastasis-free survival and renal cancer specific survival, respectively. T classification for UISS-ASSURE is based on the 2002 TNM classification (1 or 2 factors) and poor prognostic group (3-6 factors) were suggested, which stratified patients according to OS. There were several other initiatives to generate prognostic models in mRCC, which are summarised in Table 2 .
ECOG PS
Studies comparing discrimination within external cohorts demonstrated C-indices between 64 and 67%, without any relevant differences across models [67] . Data further confirmed that the MSKCC model is applicable to patients in the era of targeted therapy [68] . Even though discrimination is, at best, modest, guidelines give a strong recommendation for the use of prognostic mRCC models without further specification.
At present, current recommendations for management of mRCC are based on IMDC prognostic factors. Cytoreductive nephrectomy may provide an OS benefit in select patients with synchronous mRCC and should not be offered to patients with four or more IMDC prognostic factors at baseline or an estimated survival of < 12 months [13, 69] . Culp et al. [70] developed a prognostic model for patients who underwent cytoreductive nephrectomy and identified high LDH, low albumin, symptoms, liver metastasis, retroperitoneal adenopathy, supradiaphragmatic adenopathy, and clinical tumour classification > or = T3 as predictors of inferior survival; however, this model is currently not validated. Finally, all evidence-based recommendations for systemic treatment are based on IMDC risk group [14] , which is dynamic and should be re-assessed during the course of treatment. The IMDC model was developed on treatment naïve patients, but is prognostic for outcomes after secondline treatment as well [71] .
Prognostic models with molecular markers
As there is little room for further improvement of conventional prognostic models by adding more routine clinical factors, molecular augmentation of these models has been undertaken by several groups. However, biomolecular approaches to outcome prediction using genomic, transcriptomic, and proteomic signatures are still in an early phase, and none of the published markers is ready for prime time or can be regarded a true "biomarker". Marker research has multiple challenges, including sample collection and quality, poor clinical information, and small numbers. Lack of validation studies and hurdles to account for tumour heterogeneity are also major issues. Furthermore, there are concerns regarding the applicability of these markers outside of a study/trial setting; however, better selection of patients for trials would improve outcomes with new agents and reduce costs.
Another problem is the application of high-throughput assays with a huge number of markers in a fairly low number of patients. This approach increases the amount of data and complexity of further analyses. High-throughput assays help our understanding of the molecular mechanisms of a tumour, but increase the false discovery rate in prognostic studies. Furthermore, complete and transparent reporting is critical for interpretation of marker studies. The "REporting recommendations for tumour marker prognostic studies" (REMARK) guidelines were released over a decade ago [72] , but adherence is low [73] . Groupe français d'immunothérapie [84] International kidney cancer working group [12] Cleveland clinic foundation [85] IMDC [34] Sunitinib Phase III [68] Endpoint
Brannon et al. [74] stratified clear cell RCC by unsupervised consensus clustering of gene expression microarray data and identified two distinct subtypes within the training set, clear cell type A (ccA) and type B (ccB). In a validation cohort of 177 tumours, patients with ccA had improved disease-specific survival compared to ccB. In further work, the same group developed a 34-gene classifier for localised clear cell RCC (ClearCode34) [75] . The classifier was applied to RNA-sequencing data from 380 samples from the Cancer Genome Atlas and to 157 formalin-fixed samples. ClearCode34 outperformed UISS and the SSIGN score in terms of discrimination. Wei et al. [76] examined 12 data sets using consensus clustering sensitivity analysis. They found that clustering techniques demonstrated relatively unstable tumour classification. As a measure of inter-tumour gene expression heterogeneity, they subsequently developed the continuous CLEAR score (continuous linear enhanced assessment of clear cell RCC) based on an 18-transcript signature. In applying it to multiple external data sets, the authors demonstrated its association with disease-specific survival. Furthermore, lower CLEAR scores were associated with a greater likelihood of response to sunitinib and high dose interleukin-two treatment. Rini et al. [77] studied RNA expression of 732 genes in 942 patients with stage I-III clear cell RCC. Among the 516 genes that were associated with recurrence-free survival, 11 genes of interest and five reference genes were selected for a continuous recurrence score. In an independent validation cohort, the score was associated with recurrence-free survival across all stage categories. In another study using tissue microarray technology, immunohistochemical staining frequencies of Ki-67, p53, VEGFR-1 and VEGF-D were significantly associated with DFS in T1-4 N0 M0 clear cell RCC. A model combining these markers with ECOG PS and T classification reached a C-index of 90%, which was significantly superior to UISS (78%) [78] .
Recently, the prognostic ability of ClearCode34 was tested in the setting of systemic therapy for mRCC [79] . On multivariable analyses that adjusted for the effects of IMDC groups, ClearCode34 ccB remained independently associated with poorer OS. The addition of ClearCode34 ccA/ccB to IMDC improved discrimination, but the overall discriminatory power remained poor (63 vs 60%).
Limitations
Current prognostic models have multiple limitations. In general, prognostic models were derived from retrospectively collected data with its inherent biases in primary data collection, absence of quality control and non-standardised treatments and follow-up. Many prognostic models were not validated in independent cohorts or applied and validated in (retrospective) cohorts in which they were not developed. Furthermore, the quality of a prognostic model is typically measured by its ability to predict outcomes, namely by discrimination, calibration and DCA. There is currently no guidance on how well a model should discriminate and how well a model should be calibrated. Furthermore, these statistical measures can be difficult to interpret and do not indicate if a model will improve clinical care or not. A DCA estimates the net benefit of basing clinical decisions on a new prognostic model and compares it to standard strategies or other prognostic models, but the use of threshold probabilities makes assumptions about perceptions of benefits and harms of a certain management approach. Although DCA may help to decide if a prognostic model may be useful in clinical care, it remains a purely statistical method that cannot replace a prospective trial. In this regards, prognostic models should be evaluated in impact trials, which randomises patients to application of the prognostic model (stratified care) or to standard care. Results of impact trials provide an unbiased estimate of whether stratified care improves outcomes. Several impact trials have been conducted (i.e., [80] ), but none in RCC.
Conclusions
TNM stage is the most important conventional prognostic factor in RCC. Data indicate that a ceiling has been reached in predicting prognosis based solely on anatomical, histological and clinical factors [81] . Despite significant developments in marker research and statistical methods, no clinically significant advances in prognostic models were seen in the past decade. Molecular prognostic models are under-investigated and should be addressed as a priority by future research. More emphasis should be placed on prognostic score and biomarker validation studies. A hierarchy of validation cohorts should be considered with prospectively collected clinical trials tissues as the optimal source for validation [82] .
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